We developed a microarray based on 2895 unique transcripts assembled from 15,000 cDNA sequences from the European corn borer (Ostrinia nubilalis) larval gut. This microarray was used to monitor gene expression in early third-instar larvae of Bacillus thuringiensis (Bt)-susceptible O. nubilalis after 6 h feeding on diet, with or without the Bt Cry1Ab protoxin. We identified 174 transcripts, for which the expression was changed more than two-fold in the gut of the larvae fed Cry1Ab protoxin (p < 0.05), representing 80 down-regulated and 94 up-regulated transcripts. Among 174 differentially expressed transcripts, 13 transcripts putatively encode proteins that are potentially involved in Bt toxicity, and these transcripts include eight serine proteases, three aminopeptidases, one alkaline phosphatase, and one cadherin. The expressions of trypsin-like protease and three aminopeptidase transcripts were variable, but two potential Bt-binding proteins, alkaline phosphatase and cadherin were consistently up-regulated in larvae fed Cry1Ab protoxin. The significantly up and down-regulated transcripts may be involved in Cry1Ab toxicity by activation, degradation, toxin binding, and other related cellular responses.
Introduction
The European corn borer, Ostrinia nubilalis, which primarily infests corn, is responsible for significant yield losses in North America [1] . In the United States alone, annual economic losses due to the direct damage and the costs of controlling this pest have been estimated to exceed $1 billion [2] . The insect-infested corn ears also experience substantial increases in mycotoxin contamination [3] . Transgenic corn hybrids, expressing Cry toxins encoded by genes derived from Bacillus thuringiensis (Bt), are one of the most successful technologies for controlling O. nubilalis under field conditions [4, 5] .
The mode of action of Bt toxins generally involves multiple steps, including: (1) solubilization of Bt crystals in insect midgut under certain pH conditions after ingestion; (2) activation of Bt protoxin to toxin by certain proteases (e.g., trypsins); (3) binding of activated toxin to a cadherin and/or a GPI-anchored protein (e.g., aminopeptidases, alkaline phosphatases); (4) insertion of the bound toxin oligomer into the lipid raft of the gut membrane to form pores; and (5) ultimately causing the gut cell to burst [6] . The binding of Bt toxin to cadherin has also been proposed to directly trigger intracellular signaling pathways involving stimulation of G proteins and adenylyl cyclase (AC), increasing cAMP levels, and activation of protein kinase A (PKA). The induction of AC and PKA results in cytological changes and cell blebbing, swelling, and lysis [7] . However, the signaling pathway model has been recently challenged by other scientists due to its poor support by experimental evidence [8] . Although the exact mode of action of Bt toxins has not been completely understood, it is clear that a number of genes expressed in insect gut are involved in Bt toxicity [6, 8] .
Cry toxins have been effective control agents with insecticidal specificity toward several insect pests in field, like O. nubilalis larvae. Therefore, these insects have the potential to develop resistance within a few generations if they are continuously exposed to Cry1Ab protoxin [9] . Even though there is no strong evidence related to field-evolved O. nubilalis resistance to Bt (Cry1Ab) corn, likely due to the implementation of high-dose/refuge resistance management strategies [10] , reduced efficacy of Bt corn due to field-evolved resistance has been reported in some populations of other major corn pest species including Busseola fusca against Cry1Ab corn in South Africa, P. gossypiella against Cry1Ac cotton in India, Diabrotica virgifera virgifera against Cry3Bb corn, and Spodoptera frugiperda against Cry1F corn both in the United States [11] . Gassmann et al. [12] proposed that the insufficient planting of refuges and non-recessive inheritance of resistance may have contributed to resistance development in the field.
The mechanism of resistance to Bt toxin in insects is multifaceted, mirroring the complicated pore-formation mode of action involving multiple steps and gene products [8, 13] . Our previous studies noted that transcript levels of several trypsin and trypsin-like protease genes were induced after the ingestion of Cry1Ab protoxin in larvae [14] , and the activity of one soluble trypsin-like protease of a Dipel Bt-resistant strain of O. nubilalis was approximately half that of a susceptible strain [15] . The reduced trypsin-like activity was attributed to the reduced expression of OnT23 in Bt-resistant O. nubilalis [16] . In O. nubilalis, Bt resistance has also been associated with decreased sensitivity or expression of Bt toxin-binding proteins, and increased expression of other intracellular defense proteins in the larval gut cells [7, 9, 17, 18] .
Microarray analysis is a widely used method to identify and analyze insect genes that are differentially expressed under specific conditions, such as insecticide exposures, microorganism infection, injury, etc. For example, microarrays have been used to identify gut gene expression responses of Choristoneura fumiferana under Bt Cry toxin exposure [19] and detoxification gene responses of Anopheles gambiae to insecticide exposure [20] . In order to provide a more comprehensive analysis, we developed a gut specific microarray for examining the transcriptional responses in Bt-susceptible O. nubilalis larvae after fed artificial diets containing Cry1Ab protoxin. Results from this research are expected to provide a platform for functional studies of toxin-insect interactions.
Results and Discussion

Overview of Transcriptional Responses in O. nubilalis Larvae Fed Cry1Ab Protoxin
This study was to examine the transcriptional responses of the gut genes in O. nubilalis larvae fed Cry1Ab protoxin. We used the third-instar larvae that had been starved for 24 h to ensure they immediately started feeding on the experimental diets. Although we used the artificial diet containing the protoxin at the LC 50 concentration (0.25 µg/mL diet) to feed the larvae, the protoxin did not cause any visible effect on the larvae because this LC 50 value was determined based on a seven-day bioassay whereas the feeding duration in this study was only six hours. We used a feeding period of six hours since the larvae had stopped their feeding after they ingested the diet containing Cry1Ab protoxin. The use of the six-hour feeding period was to ensure sufficient amounts of Cry1Ab protoxin ingested by the larvae but minimum effect of starvation on gene expression when treated larvae stopped feeding after they ingested Cry1Ab protoxin. As shown by van Munster et al. [21] , the majority of the genes had altered transcriptional levels at five hours when they analyzed the dissected midgut of C. fumiferana larvae 15 min, 2 h, 5 h, and 24 h post Cry1Ab protoxin ingestion at a single sublethal concentration.
By using the Agilent custom microarray that contained 12,297 probes representing 2895 unique transcripts from the gut of O. nubilalis larvae, we identified 758 probes representing174 transcripts as differentially expressed in the larvae fed diet containing Cry1Ab protoxin (p < 0.05, expression ratio or fold change ≥2 fold [22] . These transcripts represent 80 down-regulated and 94 up-regulated genes ( Figure 1 ). Among these 174 differentially expressed transcripts, 119 had BLAST results (E-value < 1.0e−3) (Table 1) , whereas 56 did not after running global BLAST and CDS (conserved domain search) searches in the National Center for Biotechnology Information (NCBI) (Supplementary Table S1 ). This analysis was limited to those transcripts/proteins that are functionally-annotated in the database. Only 68% of the 174 gut transcripts that were differentially expressed in response to the ingestion of Cry1Ab1 protoxin had homolog descriptions in the database. protoxin. The transcriptional responses were compared between the larvae fed a diet containing Cry1Ab protoxin (treatment) and larvae fed a normal diet (control) by using one-way ANOVA (p < 0.05) and the Benjamini-Hochberg multiple testing correction (q < 0.05). Finally, 174 transcripts were identified as differentially expressed based on the cutoff of the fold change (FC) at ≥2.0. The p-value and fold change of each transcript was transformed to negative log and log 2 scale, respectively, in the plot. The solid data points represent down-regulated gut transcripts (total 80) and clear data points represent up-regulated transcripts (total 94).
Among the 119 transcripts with BLAST hits, 14 were potentially involved in Bt toxin solubilization, activation, degradation; five were involved in Bt toxin binding; three were involved in signal transduction; seven served as transporters; five appeared to be transcription factors and might influence gene expression; 49 were involved in diverse metabolic processes including xenobiotic, amino acid, carbohydrate, lipid, and chitin metabolisms; three were related to anti-bacterial proteins; and the remaining 23 were involved in other diverse functions (Table 1) . Among the 49 transcripts related to various metabolisms, approximately 81% were down-regulated, probably caused by the reduced food uptake due to the ingestion of Cry1Ab protoxin. Eleven transcripts potentially involved in carbohydrate metabolic pathways, including one α-amylase, two enolases, one glucose phosphate dehydrogenase, one glycoside hydrolase, one hydroxybutyrate dehydrogenase, and five glucosyltransferases, were down-regulated. Similarly, seven transcripts involved in lipid metabolic pathways, such as alkaline ceramidase-like enzyme, lipase, and desaturase, were also down-regulated. 
Transcriptional Responses of Genes Potentially Involved in Protoxin Activation or Degradation
When a Cry protoxin is ingested by insects, it is cleaved by proteases in the gut to yield an active toxin [23, 24] . This produces an activated toxin monomer that can interact with the insect gut receptors. Thus, Bt protoxin activation or degradation are primary factors influencing protoxin Bt toxicity after ingestion [25] [26] [27] . In this study, we found that serine proteases constituted the most abundant group of transcripts (8) (Figure 2 ). These serine proteases could potentially be involved in the proteolysis of Cry1Ab protoxin either for activation or degradation of the protoxin.
Li et al. [16] reported that the larvae of the KS-SC Dipel Bt-resistant strain of O. nubilalis had relatively lower trypsin activity than the susceptible strain. One trypsin transcript (OnTry23) was expressed at lower levels in the resistant strain relative to a susceptible strain, but another transcript (OnTry25) was not significantly different for the two strains. This implies that OnTry23 may be involved in resistance to Dipel Cry protoxins by decreasing protoxin activation in resistant strains of O. nubilalis. In a resistant strain of Plodia interpunctella, the lack of a major gut protease activity, PiT2 (accession No: AF064525), was responsible for about 90% of the resistance to Cry1Ab protoxin in a B. thuringiensis subsp. entomocidus-resistant colony [26, 27] . Our previous studies showed that OnTry5 (contig [4786]), OnTry6 (contig [3704]), and OnTry14 (contig [0770]) shared 78, 69, and 68% amino acid sequence identities, respectively, with PiT2, and were clustered with PiT2 in phylogenetic analysis [14] . Thus, the relatively high similarity of these O. nubilalis trypsin transcripts with PiT2 suggests they may have a similar role in protoxin activation in O. nubilalis.
In lepidopteran larval gut, trypsins appear to function mainly in Bt protoxin activation, whereas chymotrypsins appear to be more important in toxin degradation [25] . In our study, we observed the up-regulation of three transcripts (contig [3704], contig [5740], contig [0770]) putatively encoding chymotrypsins. Although our results do not provide direct evidence for the involvement of these trypsin and chymotrypsin genes in the activation or degradation of Cry1Ab protoxin, the significant changes in expression of these genes in the larval gut in response to Cry1Ab protoxin ingestion suggests their involvement in Bt protoxin activation or degradation. Further studies are needed to confirm these results at the protein level by identifying them by MS/MS and quantifying their relative activities by blotting using chymotrypsin and trypsin-specific reagents, and clarify their roles probably by using RNA interference (RNAi). 
Transcriptional Responses of Genes Potentially Involved in Toxin Binding
In the pore-formation model of Bt mode of action, the active monomeric toxin binds to cadherin, resulting in further toxin processing to form toxin oligomers, possibly involving N-acetylgalactosamine residues on N-aminopeptidases (APNs) and alkaline phosphatases (ALPs) [13] . In relation to this model, we found a 2.9-fold up-regulation of a cadherin-like transcript (J-ECB-25-B09) in Cry1Ab protoxin-fed O. nubilalis larvae. This cadherin-like protein showed 60% amino acid sequence identity with the cadherin of Manduca sexta, which has been known to be associated with Cry1Ab binding and cytotoxicity [28] . In fact, a cadherin-like protein has been shown to act as a receptor and is involved in Cry1Ab toxicity in O. nubilalis [29] . However, it is unclear why this cadherin-like transcript was up-regulated in response to CryAb1 ingestion in O. nubilalis larvae.
In this study, we also found differential expressions of three APN and one ALP transcripts in the larvae fed Cry1Ab protoxin ( (Figure 2 ). Microarray and RT-qPCR had the same transcript change pattern, except that the change was greater in the RT-qPCR analysis than in the microarray analysis (Figure 2) .
APNs have also been proposed as receptors for Bt Cry toxin in several lepidopteran species, such as M. sexta [30] , Asian corn borer (O. furnacalis) [31] , sugarcane borer (Diatraea saccharalis) [32] , and cotton leafworm (Spodoptera litura) [33] . The injection of dsRNA for an APN gene in S. litura resulted in reduced transcript levels and decreased susceptibility to Cry1C toxin) [33] . Moreover, the APN-N1 gene was not expressed in a lab-selected Cry1C resistant colony of S. exigua) [34] . In our recent study using RNA interference suggested that an aminopeptidase-P like gene could be involved in binding Cry1Ab toxin in larval midgut of O. nubilalis) [35] . However, the up-regulated APN transcript in this study (contig [4776] ) belongs to the APN2 group. Further research is needed to better understand its role in Cry1Ab toxicity in O. nubilalis.
Transcriptional Responses of Genes Potentially Involved in Larval Defense
The ingestion of Cry toxin by insects can trigger transcription changes of the genes involved not only in Bt toxicity, but also in defense and repair mechanisms. For example, the ingestion of Cry toxins destroys the epithelial membrane of the insect gut, which leads to the leak of the gut contents into the hemolymph and promoting septicemia [36] . Therefore, under Cry toxin exposure, larvae may invoke the mechanisms that reduce the damage and support a functional gut system.
In this study, we found a five-fold increased expression of a peptidoglycan recognition protein (PGRP) transcript (EST id: contig [2223]) in the gut of larvae fed Cry1Ab toxin (Table 1 ). We also found that two antimicrobial peptide transcripts, including an antibacterial protein (J-ECB-60_D07) and a hinnavin II antibacterial peptide (gi_133905829), that were up-regulated by ~3 and 7 fold, respectively. The up-regulation of these transcripts may imply the involvement of these genes in larval defense against the septicemia that results from pore formation during Cry toxin activity [36, 37] . In addition, three transcripts, encoding proteins similar to caspase-4 and catalase-2 (ctl-2) (contig [0492] and contig [5143]) were also up-regulated. In the Caenorhabditis elegans-Cry5B interaction, 106 hpo (hypersensitive to pore-forming toxin) genes were important for cellular protection against an attack because knock-downs showed hypersensitive to Cry5B phenotype [18] . For example, catalase (ctl-2) gene functions as an antioxidant enzyme that protects cells from reactive oxygen species, and ctl-2 expression is negatively regulated by DAF-2 mediated insulin signaling. The DAF-2 mediated insulin signaling pathway has been identified as one of the cellular defense mechanisms in C. elegans [38] . These transcripts (contig [0492] and contig [5143]) may be involved in immune defense by accelerating infected cell death, and triggering the intracellular daf-2 insulin pathways in response to the ingestion of Cry1Ab protoxin.
In this study, we also observed a 2.7-fold decreased expression of a chitinase transcript (contig [0188]) and 2.2-fold increased expressions of both chitin synthase 2 (ECB-V-28_H03) and glucosamine-fructose-6-phosphate aminotransferase (GFAT) 2 (ECB-C-05_D05) transcripts. A gut specific chitinase gene has been reported to play an important role in regulating the chitin content of peritrophic matrix in the midgut of O. nubilalis larvae [39] . On the other hand, chitin synthase 2 has been known to be specifically responsible for biosynthesis of chitin associated with peritrophic matrix in the midgut [40] [41] [42] [43] , whereas GFAT catalyzes the formation of glucosamine 6-phosphate and is an important enzyme in chitin biosynthetic pathway [41] . Thus, the down-regulation of the gut chitinase gene and the up-regulation of chitin synthase 2 and GFAT genes may act as a defense mechanism to maintain the gut system integrity in response to the Cry1Ab ingestion in the larvae.
In summary, our microarray analysis of the transcript expression in the gut of O. nubilalis larvae in response to the ingestion of Cry1Ab protoxin has shown many interesting phenomena that likely reflect physiological changes. However, this study is a preliminary survey of Cry1Ab protoxin induced transcriptional responses in O. nubilalis, and many hypotheses generated in this study require further validations and analyses by using additional approaches in order to better understand the molecular basis of the Bt protoxin and gut interactions in this important insect pest.
Materials and Methods
European Corn Borer
The Bt-susceptible strain (Lee) of O. nubilalis was obtained from French Agricultural Research, Inc. (Lamberton, MN, USA). Larvae were reared at 26 °C using artificial diet (Bio-Serv, Frenchtown, NJ, USA), and adults were reared in a metal cage under long-day conditions (L:D = 16:8) and 70% humidity, and routinely fed 2% sucrose water to provide supplementary reproductive nutrition. The eggs were collected on wax paper every day and kept in insect rearing cups with high humidity (≥80%) until hatching. Newly hatched larvae were immediately transferred to artificial diet and reared to the third instar for testing. The larval developmental stage was monitored by moving larvae to a new rearing dish after each molt.
Determination of Median Lethal Concentration of Cry1Ab Protoxin in 7-Day Bioassay
Cry1Ab protoxin was prepared from Escherichia coli (strain ECE54) which harbor cry1Ab gene based on the previously described method [44] , and stored at −80 °C as a suspension until use. The bacterial strain was provided by the Bacillus Genetic Stock Center, Ohio State University (Columbus, OH, USA). The median lethal concentration (LC 50 ) of Cry1Ab protoxin was determined in a 7-d bioassay at room temperature. In this assay, third-instar larvae were starved for 24 h, and larvae were fed artificial diet containing no Cry1Ab protoxin (0 µg/mL) as a control and each of five concentrations of Cry1Ab protoxin (0.04, 0.20, 1.0, 5.0, and 25 µg/mL) as a treatment. Each control or treatment was repeated three times and 16 starved larvae were used in each control or treatment. Fresh artificial diet containing Cry1Ab protoxin was replaced every other day, and surviving individuals were recorded every day. The bioassay data were analyzed by probit analysis using PROC GLM procedure. After 7 d, the LC 50 for the O. nubilalis larvae was determined to be 0.25 µg/mL (95% CI = 0.14-0.33 µg/mL). Mortality was not observed in the control larvae fed artificial diet only.
Cry1Ab Protoxin Bioassay
For this experiment 30 third-instar larvae were first starved for 24 h to ensure that they would feed immediately when placed on experimental diets. The larvae were divided into two groups (control and treated) and each group consisted of three replicates (5 individuals in each replicate). The larvae in the treated group were fed artificial diet containing the concentration of 0.25 μg of Cry1Ab protoxin per ml of diet. Cry1Ab protoxin was first dissolved in 50 mM sodium carbonate buffer, pH 10.0 [14] . The larvae in the control group were fed protoxin-free diet as described by van Munster et al. [21] . This concentration of Cry1Ab protoxin was the LC 50 observed in a preliminary 7-day bioassay for third instar larvae as described above. Aliquots of 100-µL liquid diet with or without Cry1Ab protoxin were loaded into a 96-well microplate. The diet was allowed to solidify for 30 min at room temperature. The starved larvae were individually transferred into the wells and allowed to feed on the respective diets for 6 h. The larva was collected from each well and dissected to obtain the whole gut. A total of five whole guts were pooled as a sample for total RNA extraction. The 6-h feeding time was based on the observation that larvae had stopped feeding, but there were as yet no visible effect and larval mortality. Therefore, the concentration of 0.25 μg of Cry1Ab protoxin per ml of diet was close to the no observed effect concentration (NOEC) for the 6-h feeding period. Total RNA was prepared independently for each replicate (a group of five larvae) using TRIzol reagent (Invitrogen Inc., Frederick, MD, USA). The quantity and quality of the total RNA were determined by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and Agilent 2100 bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA).
Microarray Analysis
We previously sequenced 15,000 expressed sequence tags (ESTs) from the larval gut of O. nubilalis [17] . A total of 12,519 high quality ESTs with an average length of 656 bp were deposited in the EST database (dbEST) with GenBank accession numbers from GH987145 to GH999663 at the NCBI. A high-resolution 8 × 15 K multi-pack expression microarray for single-color detection was designed using Agilent's probe design algorithms (Agilent). In average, five oligonucleotide probes from each of 2895 unique ESTs from the O. nubilalis larval gut were computationally designed, and potential cross-hybridization probes were discarded; however, some transcripts only have less than five probes after a cross-hybridization examination. In total, 12,972 usable probes were obtained from O. nubilalis ESTs, which represent 2895 unique gut transcripts [17] . Agilent also provided the background control and the standard control probes. Agilent's sure-print inkjet technology was employed to directly synthetize all oligo probes (60 mers) on specially prepared glass slides. Each glass slide contained eight identical microarray chips. The datasets of the gene expression profiles have been deposited in the NCBI Gene Expression Omnibus (GEO) repository with the accession number of GSE55685 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55685).
Cyanine-3 labeled cRNAs were synthesized from Agilent single-color microarray-based gene expression kit. Dye-incorporation ratio was determined using NanoDrop 2000 spectrophotometry. The cRNA samples with the ratio cyanine-3 labeled cRNA ≥10 pmol/µg were used for hybridization. Cyanine-3 labeled cRNAs (600 ng) of each sample was hybridized to the microarray chip (six samples, including 3 from the control diet and 3 from the protoxin diet, and were hybridized on six individual microarray chips) and incubated at 65 °C for 17 h. Slides were scanned using an Axon GenePix 4000B (Molecular Devices Inc., Sunnyvale, CA, USA) microarray scanner at a 532 nm wavelength. The signal intensity of each hybridized spot was qualified and quantified with Agilent Feature Extraction Ver. 9.5 software (Agilent). At beginning, six raw data files with 12,972 customer designed probes and control probes extracted by Agilent Feature Extraction software were imported to GeneSpring GX11 and were applied "75% percentile shift" normalization algorithm. Six samples were grouped into two groups (three controls and three treatments). The quality control was assessed by examining principal components analysis (PCA) plots and correlation analysis of sample replicates. The correlation coefficients within Cry1Ab treatment or control group were larger than 97% indicating the high quality control (Figure 3) . Analysis of variance (one-way ANOVA, p < 0.05) was performed to test the variation between two groups. The Benjamini-Hochberg multiple testing correction (q < 0.05) was also employed after ANOVA to identify the transcripts that were differentially expressed when the cutoff of the fold change was set at ≥2.0. The expression differences with p < 0.05 and with expression ratios ≥2.0 were considered significantly different [22, 45] . A total of 758 probes were identified to be differentially expressed at the significant level as specified. These probes represented 174 unique transcripts found in the larval gut. Finally, gene ontologies of 174 transcripts were analyzed by using Blast2go (http://www.blast2go.org, BioBam Bioinformatics S.L. Valencia, Spain) at level 2. Microarray data quality control test using principal components analysis (PCA) plot. The blue spots indicated three samples from the larvae fed the diet with Cry1Ab protoxin, whereas the red spots represented three samples from the larvae fed the diet with on protoxin.
Validation of Expression Changes by RT-qPCR
Before the expression changes were validated by RT-qPCR, the efficiency of each primer pair was evaluated first and only one unique product (one peak in the efficiency graph for each primer pair) was obtained. The efficiencies of the primer pairs used in our RT-qPCR analysis ranged from 95% to 110% by using whole gut cDNA from O. nubilalis as a template. The total RNA used for microarray analysis was also used for RT-qPCR analysis. One microgram of total RNA was reverse-transcribed in a 20-µL reaction mixture using Fermentas ReverAid TM First Strand cDNA synthesis kit (Fermentas Inc., Glen Burnie, MD, USA). RT-qPCR was performed in a Bio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA, USA) by using Fermentas SYBR green qPCR kit (Fermentas). Quantitative PCR was performed with 2-step amplification protocol with 40 cycles of 95 °C for 30 s, 56 °C for 30 s using a Bio-Rad IQ thermocycler (Bio-Rad Laboratories Inc. Hercules, CA, USA). The specific primers for 13 candidate genes as inferred from other studies [14, 24, 25] and the endogenous reference gene (ribosome protein L18, OnRpl18) were designed using Beacon 7 Designer TM ( Table 2 ). The abundance of each transcript was normalized to OnRpl18, using the ∆Ct equation (Ct (target)-Ct (reference)). The relative abundance of each transcript in the treatment (Cry1Ab protoxin) compared with the controls was calculated using the ∆∆Ct relative expression (2 −(∆Ct treatment−∆Ct control) ) method [46] , and the significantly different expression of each transcript was evaluated by student t-test (p ≤ 0.05). 
